INTRODUCTION {#s1}
============

The stomach is a harsh environment for many bacteria due to strong gastric acid. The number of culturable bacteria is at most around 10^3^ colony-forming units/mL in the gastric fluid (GF) when sampled at the highest acidity in the morning after overnight fasting ([@R1]). Recently, Tsuda et al. ([@R2]) also demonstrated a significant correlation between the acidity and the number of culturable bacteria in the GF. These findings suggest that the stomach is a potential site that can be colonized by a large number of non-*Helicobacter pylori* bacteria (NHPB), but strong gastric acid inhibits the residence of those bacteria in a healthy state.

*H. pylori* infection is considered the trigger for the development of atrophic gastritis, which is recognized as the critical pathological step in the development of intestinal-type gastric cancer in the Correa pathway ([@R3]). Atrophic gastritis in the corpus causes the loss of parietal cells, which, thus, eventually results in a hypochlorhydric stomach and is accompanied by bacterial overgrowth there. However, whether or not such a large number of bacteria in the stomach with low acidity are linked to aggravation of atrophic gastritis and progression to gastric cancer remains unclear ([@R4]).

Lipopolysaccharides (LPSs) of Gram-negative bacteria (GNB) elicit multiple acute pathophysiological responses such as fever, endotoxin shock, and inflammation ([@R5]). The association between chronic inflammation and cancer, particularly those originating in the gastrointestinal (GI) system, is now established ([@R4],[@R6],[@R7]). Miyata et al. ([@R8]) reported that LPS extracted from NHPB, especially *Neisseria subflava*, adhering to the gastric mucosa stimulated proinflammatory cytokine secretion in a gastric epithelial cell line. They further suggested that those NHPB might perpetuate gastric mucosal inflammation and accelerate carcinogenesis, especially in a hypochlorhydric stomach. It might, therefore, be useful to measure the LPS activity in the GF to assess the potential toxicity or risk of carcinogenesis associated with the accumulation of such a bacterial mass in a stomach with weak acidity.

In this study using GF samples, we analyzed the relationship between the pH value and LPS activity in the GF. To assess the origin of LPS in the stomach, the bacterial composition in the saliva and GF was comparatively analyzed.

METHODS {#s2}
=======

Sample collection {#s2-1}
-----------------

In the first clinical study (Figure [1](#F1){ref-type="fig"}), 158 GF samples were obtained from outpatients who were undergoing upper GI endoscopy at the Department of Gastroenterology, Tokai University Hospital, Isehara, and Tokai University Tokyo Hospital, Tokyo, Japan. The exclusion criteria for the subjects were age younger than 20 years, suffering from acute GI or systemic diseases, and the use of antimicrobials and proton pump inhibitors (PPIs) within the previous month and week, respectively. The primary and secondary endpoints were the assays of LPS activity and the pH value in the GF, respectively. In the secondary clinical study (Figure [1](#F1){ref-type="fig"}), another 36 GF samples were obtained from healthy volunteers using a nasogastric tube at the Laboratory for Infectious Diseases, Tokai University School of Medicine, Isehara. The exclusion criteria were the same as those for the former study. The primary and secondary endpoints were the analysis of the bacterial composition and the measurement of pH value, respectively. The volunteers underwent both GF and saliva sampling twice at intervals of 3 months. For sampling of saliva, the stimulated saliva was collected after chewing a small piece of sterile gum for 3 minutes. All of the samples were collected from subjects in the morning after overnight fasting and immediately frozen and stored at −40 °C until the assay. The ethics committee of Tokai University School of Medicine approved the both studies (13R-324 and 18R-286), and written informed consent was obtained from all of the subjects.

![Flow diagram illustrating the participant flow throughout the course of the studies. GF, gastric fluid; LPS, lipopolysaccharide.](ct9-11-e00190-g001){#F1}

Laboratory examinations including the LPS activity assay {#s2-2}
--------------------------------------------------------

The pH value of the GF was measured using a pH meter (M-7; Horiba, Tokyo, Japan). For the assay of the LPS activity in the GF, both the Endozyme II Recombinant Factor C Assay Kit (Hyglos GmbH, Munich, Germany) and the ToxinSensor Chromogenic *Limulus* amebocyte lysate (LAL) Endotoxin Assay Kit (GeneScript, Piscataway, NJ) were used. In the former kit, a recombinant Factor C, instead of LAL, is used in combination with a synthetic fluorogenic substrate for detection of LPS; the assay range is 0.05--50 EU/mL. The latter kit uses a modified LAL and a synthetic color-producing substrate to chromogenically detect LPS; the measurable concentration range is 0.05--1 EU/mL. In the assay, we strictly adjusted the pH value of the reaction mixture to be between 6.0 and 8.0 using endotoxin-free 0.1 N sodium hydroxide to exclude the inhibitory effect of strong acidity of GF on the reaction. The concentration of bile acids was measured using the EFBA-100 Kit (Bioassay Systems, Hayward, CA).

The 16S ribosomal DNA-based operational taxonomic unit analysis {#s2-3}
---------------------------------------------------------------

Bacterial DNA was extracted from the GF and saliva using the Ultra Clean Soil DNA Isolation Kit (Mo Bio Laboratories, Carlsbad, CA). Using those bacterial DNA templates, the hypervariable V3--V4 region of 16S ribosomal DNA was amplified by polymerase chain reaction with 341f ([@R9]) and R806 ([@R10]) primers. Sequencing was performed using a pair-end and run on an Illumina Miseq sequencing system. The average numbers (SD) of quality filter-passed reads per 1 sample were 34,275 (4,797) and 29,374 (3,833) in 36 GF and 36 saliva samples, respectively. The high-quality reads were then sorted and grouped into operational taxonomic units (OTUs) at 97% identity using the quantitative insights into microbial ecology pipeline ([@R11]). In the bacterial composition analysis based on OTUs, we focused on the genera representing \>0.1% of the total microbiota, which accounted for \>85% of all of the OTUs.

Statistical analyses {#s2-4}
--------------------

The Spearman correlation coefficient (*r*) was adopted to evaluate the correlation between pH value and LPS activity in the GF. The Kappa statistics were measured for the agreement between those parameters in the GF. Mann-Whitney *U* test was used to compare the abundance of genera between the GF with strong acidity and that with weak acidity. The difference in the abundance of genera between a pair of saliva and GF samples obtained from the same subject was examined by Wilcoxon signed-rank test. All significance probability values were considered to be significant at *P* \<0.05. All statistical tests were performed using SPSS v25.0 (IBM Corp., New York).

RESULTS {#s3}
=======

Subject characteristics {#s3-1}
-----------------------

The average age (SD) and men/women ratio of all the subjects for GF sampling (n = 194) included in the both clinical studies were 61.7 (14.2) years and 1.2, respectively. Endoscopic records were obtained from 140 outpatients (Figure [1](#F1){ref-type="fig"}), which included 50 patients with atrophic gastritis (average age, 68.5 years; men/women ratio, 1.2).

Correlation between the pH and LPS in the GF {#s3-2}
--------------------------------------------

First, we measured the LPS activity using a kit including recombinant Factor C in 136 samples, which were obtained in both the first and second studies (Figure [1](#F1){ref-type="fig"}). As shown in Figure [2](#F2){ref-type="fig"}, a high LPS activity (100--600 EU/mL) was detectable in the GF samples with a pH value more than approximately 4.0, whereas no or little activity was found in the GF with a pH of less than approximately 2.0. In the GF samples from atrophic gastritis, the average of LPS activity and pH value were 264 EU/mL and 4.7, respectively. Spearman correlation coefficient demonstrated a very close correlation (*r* = 0.872, n = 136) between the pH value and LPS activity in the samples measured by the recombinant Factor C kit. To exclude possible bias in the assay kit using recombinant Factor C, we then measured the LPS activity in another 58 samples using the prototype assay kit including LAL (Figure [1](#F1){ref-type="fig"}). We also found high and barely detectable levels of LPS activity in the GF with weak and strong acidity, respectively. A close correlation between the pH value and LPS activity was also found in those samples by Spearman correlation coefficient (*r* = 0.749, n = 58, data not shown).

![Correlation between the pH value and LPS activity in the GF. GF samples from 136 subjects (n) had their pH value and LPS activity measured using a recombinant Factor C assay kit. The horizontal and vertical axes indicate the pH value and LPS activity (EU/mL), respectively. Numerical values of each sample were plotted on the figure. The correlation coefficient of the both parameters by Spearman test (*r*) is shown on the upper left. GF, gastric fluid; LPS, lipopolysaccharide.](ct9-11-e00190-g002){#F2}

To further confirm the significant correlation between those 2 parameters in the GF, we next examined in the second clinical study whether or not both the pH value and LPS activity changed in the same direction when compared between a pair of samples from the same subject. Among the 36 volunteers who underwent GF sampling twice, the LPS activity was detectable in 14 subjects before and/or after the interval, as summarized in Table [1](#T1){ref-type="table"}. Agreement in the direction of change (either "increase" or "decrease" for both) between the pH value and LPS activity was observed in 13 subjects. Only 1 subject (F80) showed disagreement. The reproducibility of the agreement evaluated by the kappa coefficient was 0.891, which represented "excellent" reliability of the presumed correlation between the pH and LPS in the GF.

###### 

pH value and LPS activity of the subjects before and after interval

![](ct9-11-e00190-g003)

It is likely that the LPS in GF with weak acidity might be due to reflux of the proximal small intestinal contents, including bile acids and GNB, into the stomach. However, only a weak correlation was shown between the bile acids concentration and the LPS activity in the GF by Spearman correlation coefficient (*r* = 0.293, n = 136; see Figure 1, Supplementary Digital Content 1, <http://links.lww.com/CTG/A318>), whereas a moderate correlation was noted between the subject age and the LPS activity (*r* = 0.352, n = 130; see Figure 2, Supplementary Digital Content 2, <http://links.lww.com/CTG/A319>).

Bacterial composition in the GF and saliva {#s3-3}
------------------------------------------

To determine the origin of GNB, which are considered to release LPS into the GF, we conducted the second clinical study, in which saliva and GF samples were obtained. Then, we constructed 2 groups according to the pH value of GF samples one group with 8 subjects (Table [2](#T2){ref-type="table"}; ID, F63--H35) whose GF samples were strongly acidic (mean pH value = 1.6) and the other group with 8 subjects (F66--H39) whose GF samples were weakly acidic (mean pH = 5.0). In addition, younger subjects were assigned to both groups, in which the age was matched. Using pair samples of GF and saliva obtained from the same subject, we analyzed the bacterial composition through 16S ribosomal DNA profiling. First, we listed the 6 most-common Gram-positive and Gram-negative genera based on the relative abundance in the GF with strong acidity (Table [3](#T3){ref-type="table"}). Among them, the genus *Neisseria* (Gram-negative) included not only *N. subflava* but also *N. perflava* and *N. mucosa* (data not shown). We then compared the difference in the abundance of each genus between the GF samples with strong and weak acidity. The abundance of Gram-positive bacteria (GPB) was greater in the GF with strong acidity than that in GF with weak acidity for all the 6 genera. By contrast, the abundance of GNB was greater in the GF with weak acidity than that in GF with strong acidity in 5 of the 6 genera. In line with the greater ratio of those major Gram-negative genera in the GF with weak acidity, the percentage prevalence ratio of the GNB among the genera representing \>0.1% of the total microbiota was also significantly greater in the GF with weak acidity than that in GF with strong acidity, as summarized in Table [2](#T2){ref-type="table"} (% mean ratio, 65.4 vs 37.3). On the other hand, either the pH value or percentage mean ratio of GNB in the saliva was not significantly different between those 2 groups (pH value, 8.0 vs 7.8; % mean ratio, 65.6 vs 65.2, respectively).

###### 

Two groups with gastric fluid of strong and weak acidity

![](ct9-11-e00190-g004)

###### 

Comparison in the relative abundance of bacteria at the genus level

![](ct9-11-e00190-g005)

Comparison of bacterial composition in between saliva and GF {#s3-4}
------------------------------------------------------------

To clarify the mechanism underlying the predominance of GNB in the GF with weak acidity, we compared the abundance of major genera in the GF with those in the saliva. Of note was that 9 of the top 10 major genera, which accounted for more than 85% of all the genera, were the same between the saliva and GF samples (Figures [3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}). In the subjects who had the strongly acidic GF (Figure [3](#F3){ref-type="fig"}), by contrast, the relative abundance was greater in the GF than that in the saliva in all of 6 Gram-positive genera (highlighted in blue color), whereas the abundance was much lower in the GF of 3 of 4 Gram-negative genera (highlighted in pink). Given that most bacteria in the GF had recently moved from the oral cavity, possibly through the inflow of the saliva, GPB and GNB from the saliva might be resistant and sensitive, respectively, in the GF with strong acidity. In the subjects who had weakly acidic GF (Figure [4](#F4){ref-type="fig"}), the relative abundance of both Gram-positive and Gram-negative genera was not significantly different between the GF and saliva samples, suggesting that GNB and GPB in the saliva largely survived in the GF with weak acidity.

![Comparison of the bacterial composition in the saliva with that in the GF with strong acidity. A pair of saliva and GF samples was obtained from 8 subjects, whose GF samples showed strong acidity (Table [2](#T2){ref-type="table"}; ID, F63--H35), and the bacterial composition of these samples was analyzed through 16S ribosomal DNA profiling. The 10 most-common genera in the GF and saliva are shown on the figure by a box-and-whisker plot. The names of the genera are shown at the bottom, and the Gram-positive and Gram-negative ones are highlighted in blue and pink, respectively. A red asterisk indicates a significant difference in the relative abundance between saliva and GF in each genus. GF, gastric fluid; N.D., not detected.](ct9-11-e00190-g006){#F3}

![Comparison of the bacterial composition in the saliva with that in the GF with weak acidity. A pair of saliva and GF samples was obtained from 8 subjects whose GF samples showed weak acidity (Table [2](#T2){ref-type="table"}; ID, F66-H39) and processed in the same way as described in the legend of Figure [3](#F3){ref-type="fig"}.](ct9-11-e00190-g007){#F4}

DISCUSSION {#s4}
==========

In the analysis of GF samples obtained from 194 subjects, we detected a high LPS activity in the samples with weak acidity, whereas little activity was detected in those with strong acidity. Spearman test also demonstrated a very close correlation between the pH value and LPS activity in those GF samples.

The LPS-induced clotting phenomenon of LAL is so specific and sensitive that it has been used to detect even minimal amounts of LPS. The cardinal receptor for this coagulation cascade is the protein named Factor C, a proenzyme that is included in LAL and, thus, activated by LPS ([@R12]). In this study, we used assay kits using recombinant Factor C and LAL to measure the LPS activity in the GF. Among parameters that potentially influence the test for LPS activity, the pH and proteases such as pepsin in the GF samples had to be considered. To exclude the influence of a low pH in the GF, we adjusted the pH of the reaction mixture to the neutral range. The nonspecific protease activity was evaluated by confirming that the reaction curve in the assay was Factor C specific. With those adjustments, we confirmed a high LPS activity in the GF with weak acidity.

*Helicobacter pylori* infection is usually acquired early in life and is followed by a long phase of chronic inflammation of gastric mucosa. Peptic ulcer tends to develop in *H. pylori*-infected patients at an earlier age than in those suffering from gastric cancer ([@R13]). Of note is that the patients who develop *H. pylori*-associated duodenal ulcers seem to be protected from developing cancers ([@R14],[@R15]). The mechanism underlying such protection involves a higher level of gastric acid secretion ([@R4]). Therefore, hypochlorhydria, which eventually follows the development of atrophic gastritis, could be a major risk factor for the occurrence of gastric cancers. Moreover, such a stomach with weak/no acidity is a site for bacterial overgrowth, which is suspected to perpetuate gastric inflammation and accelerate neoplastic progression ([@R16]). In this study, we clearly showed that potentially carcinogenic LPSs were accumulated in high amounts in the GF of the hypochlorhydric stomach. Because Toll-like receptor 4 is sensitized by LPS and upregulated in cancer tissue, its signaling further activates proinflammatory cascades and might be involved in the development of gastric cancer ([@R17]).

Although *H. pylori* eradication has been shown to reduce the risk of gastric cancer occurrence, a considerable number of these individuals still continue to develop gastric cancer even after the successful eradication ([@R18]). According to an epidemiological study using a health database of Hong Kong, long-term use of PPI was still associated with an increased gastric cancer risk in subjects even after *H. pylori* eradication therapy ([@R19]). It is likely that the direct suppression of acid-producing parietal cells by PPI worsens atrophic gastritis, which then leads to acceleration of the carcinogenesis in the stomach ([@R20]). However, it is also possible that long-term PPI use induces a weakly acidic state and resultant high LPS activity in the stomach, which might aggravate gastric inflammation, resulting in the development of gastric atrophy and cancers.

In the analysis of the bacterial composition in the GF with weak acidity, the relative abundance of GNB, which were the source of LPS, was about twice that in the GF with strong acidity. GNB were generally more sensitive to acids than GPB. The times necessary to inactivate 90% of the initial burden in 5% hydrochloric acid were 3.7 min and 10.9 min in *Escherichia coli* (Gram-negative) and *Bacillus subtilis* (Gram-positive) strains, respectively ([@R21]), suggesting that most of the GNB survived killing in the stomach with weak acidity. In addition, because the difference in the pH value between the higher and lower pH groups was more than 3.0 (Table [2](#T2){ref-type="table"}), the number of live (and culturable) GNB was estimated to be approximately 1,000 times greater in the former than in the latter groups, according to the report by Tsuda et al. ([@R2]) Taken together, the actual number of live GNB was supposed to be approximately 2,000 times greater in the higher pH than that in the lower pH groups, which will account for the prominent LPS activity in the GF with weak acidity.

In the study exploring mucosal microbiome dysbiosis in gastric carcinogenesis, Coker et al. ([@R22]) found a significant enrichment of GNB such as *Prevotella*, *Peptostreptococcus*, and *Fusobacterium* in patients with gastric cancer. Because those GNB are known to be commensals inhabiting the oral cavity, the authors addressed the need for a comparative analysis of microbiomes in the gastric and salivary samples to delineate the role of those bacteria in the tumorigenesis. In addition, in our comparative analysis of the bacteria in the GF with those in the saliva, the GNB in the GF were strongly suggested to have come from the oral cavity through the continuous inflow of the saliva ([@R2]).

Fluctuation of the pH value and LPS activity in the same subjects at an interval (Table [1](#T1){ref-type="table"}) suggested the possibility of intervention to remove LPS. Given that the accumulation of LPS in the stomach is induced by its low acidity, increasing the acidity by probiotics might help stop the increase in LPS activity. Now, a lot of lactobacillus strains secreting lactic acid are widely used as probiotics. The probiotics targeting the stomach are required to remain the stomach for some time without being inactivated by gastric acid ([@R23]). Finally, the limitations of this study include the absence of *H. pylori* status in the subjects and the shortness of the detail in the difference of clinical characteristics between strongly and weakly acidic groups.
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